Accumulation of DNA damage has been associated with the onset of senescence and predisposition to cancer. The gene responsible for ataxia telangiectasia (A-T) is ATM (ataxia-telangiectasia mutant), a master controller of cellular pathways and networks, orchestrating the responses to a speci®c type of DNA damage: the double strand break. Based on the homology of the human ATM gene to the TEL1, MEC1 and rad3 genes of yeast, it has now been demonstrated that mutations in ATM lead to defective telomere maintenance in mammalian cells. While ATM has both nuclear and cytoplasmic functions, this review will focus on its roles in telomere metabolism and how ATM and telomeres serve as controllers of cellular responses to DNA damage.
Introduction
Ataxia telangiectasia is an autosomal recessive disorder characterized by progressive cerebellar degeneration, premature aging, growth retardation, gonadal atrophy, immunode®ciency, high sensitivity to ionizing radiation (IR), genomic instability and cancer predisposition (Harnden, 1994; . A-T homozygotes have an approximately ®vefold increased risk of developing leukemia or lymphoblastic lymphomas. Cells derived from A-T individuals are hypersensitive to ionizing radiation and radiomimetic drugs. These cells are defective in radiation-damage signal transduction pathways operating through various target genes ( Figure 1 ).
Our past studies on DNA and chromosome damage after treatment with gamma rays suggested that A-T cells are more pro®cient in translating the DNA damage into chromosome damage (Pandita and Hittelman, 1992a,b) . It is possible that A-T cells have an inherent chromatin alteration that allows a more ecient translation of DNA damage into chromosome damage following gamma ray exposure (Hittelman and Pandita, 1994) . It has been suggested that an ATM-like protein has a critical role in maintaining chromosome condensation in the vicinity of recombination intermediates (Hawley and Friend, 1996) . In support of the role of ATM gene in chromosome condensation, it has been reported that mei-41 mutants of Drosophila melanogaster (homologue of ATM gene) exhibit diused chromatin (Hari et al., 1995) . The ATM gene encodes a protein kinase that is distantly related to the yeast MEC1 and TEL1 proteins that function in maintaining the integrity of telomeres (Greenwell et al., 1995; Morrow et al., 1995) .
Maintenance of genome stability depends on appropriate response to DNA damage. This response is based on complex networks of signaling pathways that activate numerous processes and lead ultimately to damage repair and cellular survival ± or cell death. While the precise mechanism by which ATM may regulate the structure and function of telomeres is currently under intensive investigation, there is much confusion in the current literature regarding the biological functions of the ATM protein. A contributing factor to this confusion is the diculty in determining which of the many functions of ATM are relevant to the normal function of telomeres. Thus the focus of this review will be on recent results that shed light on the in¯uence of ATM on telomere structure and telomerase function.
ATM protein
The product of the ATM gene is a ubiquitously expressed 370 kDa phosphoprotein. It contains 3056 amino acid residues, with a distinct carboxy-terminal sequence, which has signi®cant homology to the catalytic domain of phosphatidylinositol-3-OH [PI(3)K] of several proteins from dierent organisms (Table 1) . These proteins are involved to dierent extents in cell cycle progression, cellular responses to DNA damage and maintenance of genomic integrity (reviewed by Hoekstra, 1997) . Some of the proteins listed in Table 1 , have been implicated in the maintenance of telomeres.
Similar to the catalytic unit of telomerase (hTERT), ATM also resides primarily in the nucleus of proliferating cells, with only a small amount of it is detected in microsomal fractions. However, prominent cytoplasmic fraction of ATM was noticed in oocytes (Barlow et al., 1998) and in cerebellar neurons (Oka and Takashima, 1998; Fang et al., 1999) . In mitotic cells, ATM is required for a DNA damage-dependent signal transduction cascade that activates multiple cell ± cycle checkpoints ( Figure 1 ) (reviewed in Kastan and Lim, 2000) . By activating key regulators of multiple signal transduction pathways, ATM mediates the ecient induction of a signaling network responsible for repair of the damage, and for cellular recovery and survival. The ATM kinase activity is elevated by about 2.5-fold immediately after exposure of cells to ionizing radiation and declines to a basal level after the ®rst hour of post-irradiation (Canman et al., 1998; Rotman and Shiloh, 1999; . In terms of substrates (Figure 1 ), a general consensus motif has been de®ned for ATM as it phosphorylates a serine or threonine residue only if it is followed by glutamine (the`SQ/TQ' motif). Phosphorylation is diminished if the positively charged amino acids are close to the target serine/threonine. In contrast hydrophobic or negatively charged amino acids enhance phosphorylation of serine/threonine.
ATM phosphorylates a number of nuclear proteins, including the nuclear c-Abl tyrosine kinase, the tumor suppressor protein p53, the breast cancer susceptibility gene product BRCA1, the human checkpoint kinase hCds1/chk2, and the Nijmegen Breakage Syndrome gene product NBS1 (reviewed in Kastan and Lim, 2000; Pandita, 2001a) . This network of ATM-regulated phosphorylation events regulate cell cycle checkpoints and contribute to the processing of DNA double strand breaks following IR (Rotman and Shiloh, 1999; Khanna and Jackson, 2001 ). The downstream targets (Kharbanda et al., 2000) . ATM has several substrates that are involved in various functions at the dierent stages of the cell cycle. Thus it becomes important to describe the ATM protein levels and activation of its kinase activity by IR treatment at dierent phases of cell cycle.
ATM kinase activates in all phases of cell cycle ATM dysfunction results in abnormal G1, S and G2 checkpoints. Though downstream targets of the ATM kinase are still being elucidated, it has been demonstrated that ATM acts upstream of p53 in a signal transduction pathway initiated by IR and can phosphorylate p53 at serine 15. The cell cycle stagespeci®city of ATM activation and p53Ser15 phosphorylation studies in normal human lymphoblastoid cells revealed that kinase activity of ATM is apparent immediately after treatment of cells with IR, but is not accompanied by a change in the abundance of the ATM protein . Ionizing radiation activates the ATM kinase in all phases of the cell cycle, and DNA replication-dependent strand breaks are not required for this activation. These results suggest that ATM has a critical role in sensing IR induced DNA damage in each phase of the cell cycle.
ATM-de®cient cells have telomere instability
Chromosome end-to-end association, also known as telomere association (TA) is a cytological manifestation of telomere instability. Telomere associations seen at metaphase involve telomeres and are commonly observed in cells derived from individuals with ataxia telangiectasia and most types of human tumors (Pandita et al., , 1996 . Smilenov et al. (1997) demonstrated that the expression of a dominantnegative ATM fragment in¯uenced chromosome endto-end associations. The abnormal telomeric association phenotype was manifested in both G1 and G2-phase cells as determined by premature chromosome condensation technique (Smilenov et al., 1997) . Thus the available data support the notion that chromosome end-to-end associations are consequences of ATM de®ciency.
In addition to increase in chromosome end-to-end associations, A-T cells show loss of telomeres (reviewed in . This loss of telomeres in A-T cells has also been attributed to ATM function, as supported by studies on cells expressing a dominantnegative fragment of ATM, that had statistically signi®cant shorter telomeres as compared to the parental clones (Smilenov et al., 1997) . The reduction of telomere length has been linked with chromosome end-to-end associations, although some cell lines with short telomeres do not show chromosome end associations. The reduction in telomere length could be a consequence of breakage near or within the telomeres where the chromosome end associations are not resolved while chromosomes move in opposite directions.
Telomere associations may arise because of short telomeres and/or alteration of chromatin structure. Telomeres progressively shorten as cells age in culture, however ectopic expression of hTERT can prevent this shortening of telomeres and extend the life-span in normal human ®broblasts. The expression of the hTERT in primary A-T patient ®broblasts extends the telomeres; however A-T ®broblasts with and without expression of hTERT show similar frequency of telomere associations (Wood et al., 2001) . Telomerase has been suggested to protect broken chromosomal ends by adding telomeric repeats and stabilizing the DNA ends. The contributions of these protected chromosomal ends to DNA repair and overall cell survival is not yet clear since enhanced cell survival was not detected in hTERT expressing A-T ®broblasts (Wood et al., 2001) . The presence of chromosome endto-end associations suggests that such cells could have altered telomere nuclear matrix interactions and altered telomere interactions may in¯uence the senescence signaling mechanism. Alternatively, though hTERT lengthened the mean telomere length, it is possible that a separate triggering event occurs in conjunction with the loss of ATM expression leading to the low level but continual entry into senescence of the ectopically hTERT expressing A-T cell populations. The hTERT expressing A-T cells continue to grow slowly as compared to normal ®broblasts expressing hTERT. These studies suggested that though hTERT could extend life-span, the telomere instability in A-T cells and their overall growth properties are not aected.
Chromosome end associations can also be induced by IR treatment (Smilenov et al., 1997) . It has been shown that IR treatment signi®cantly enhances the chromosome end-to-end associations in A-T as well as in normal control cells (Smilenov et al., 1997) . But the enhancement of chromosome end associations is much higher in the A-T cells. Thus, there seems to be a potential link between the enhancement of ATM kinase activity and chromosome end associations (Smilenov et al., 1997; . Such a link suggests that telomeres may be sensitive targets for radiation induced damage which could in¯uence the cell survival.
hTERT associating with telomeres enhances genomic stability Ectopic expression of the hTERT into telomerasesilent cells is sucient to overcome senescence and extend cellular life-span (Bodnar et al., 1998; Vaziri and Benchimol, 1998; Vaziri et al., 1999; Wang et al., 1998; Wood et al., 2001) . Since accumulation of DNA damage has been implicated as a potential molecular mechanism regulating cellular senescence, ectopic expression of hTERT protein in late passage primary ®broblasts was found to in¯uence transcription and DNA repair (Sharma et al., unpublished) . A combination of gene expression pro®les, cytological analyses and biochemical studies of late passage normal proliferating and hTERT+proliferating cells revealed that ectopic expression of hTERT alters expression of a subset of genes, reduces spontaneous chromosome damage in G 1 cells and enhances the kinetics of DNA repair (Sharma et al., unpublished) . These changes were accompanied with increases in ATP levels. However, TERT does not in¯uence meiotic recombination in vivo or DNA end rejoining in vitro. The aforesaid studies suggest that hTERT protein, through its interaction with telomeres, generates a signal to enhance repair of DNA damage and regulates the expression of a variety of genes required for extended life-span. Although ectopic hTERT expression extends the life-span of A-T cells, it is yet to be determined whether ATM de®ciency could in¯uence the interaction of hTERT with telomeres. Chan et al. (2001) suggested that a primary function of the ATM-family kinases in telomere maintenance is to act on the telomere rather than to activate the enzymatic activity of telomerase.
ATM de®ciency in¯uences telomere chromatin structure
Mammalian telomeres are packaged in telomerespeci®c chromatin (reviewed in Pandita, 2001b) . Human and mouse cell lines have their telomeric tracts attached to the nuclear matrix, which is a proteinaceous subnuclear fraction (Luderus et al., 1996; Smilenov et al., 1999) . In mammals, a nuclear matrix binding site occurs at least once in every kilobase of the telomere tract (Luderus et al., 1996) . This indicates that mammalian telomeres have frequent multiple interactions with the nuclear matrix.
Recent studies have shown that ATM is associated with chromatin (Gately et al., 1998; Scherthan et al., 2000) and a fraction of the ATM is detected in nuclear aggregates (Andegeko et al., 2001) . The striking correlation between the appearance of retained ATM and of histone H2AX (?-H2AX), and the rapid association of a fraction of ATM with ?-H2AX foci, are consistent with a major role for ATM in the early detection of DSBs and subsequent induction of cellular responses. It has been reported that ATM protein interacts with TRF1 (Kishi et al., 2001 ) and lack of TRF2 results in apoptosis in ATM function dependent (Karlseder et al., 1999) . These reports further propose the role of ATM in telomere maintenance. Interestingly, it has been shown that ATM function in¯uences on the fraction of telomeres anchored to the nuclear matrix (Smilenov et al., 1999) . In somatic as well as germ cells de®cient in ATM function, more than 80% of the telomeric DNA is attached to the nuclear matrix, whereas in control cells about 50% is attached (Smilenov et al., 1999; Pandita et al., 1999) . These results suggest that the major portion of telomeres in A-T cells is associated with the nuclear matrix. This may be a reason why A-T cells have a higher frequency of chromosome end-to-end associations.
The ATM function may also in¯uence IR responses to the telomere-nuclear matrix associations. Cells with ATM function show no major changes in associations of telomeric DNA with nuclear matrix after treatment with 5 Gy of IR, however, signi®cant changes are reported in association of telomeric DNA with nuclear matrix in cells de®cient for ATM function (Smilenov et al., 1999) . How the absence of ATM in¯uences the association of telomeres with the nuclear matrix is not presently clear. One assumption is that ATM regulates the function of Pin2/TRF1 as activated ATM directly phosphorylated Pin2/TRF1 preferentially on the conserved Ser(219)-Gln site in vitro and in vivo (Kishi et al., 2001) . Expression of Pin2 and its mutants has no detectable eect on telomere length in transient transfection assays, however, a Pin2 mutant refractory to ATM phosphorylation on Ser(219) enhances cell killing by IR in A-T cells. It is possible that lack of phosphorylation by ATM on Pin2/TRF1 could in¯uence on the associations of telomeres with nuclear matrix after cells are being treated with IR.
Chromatin structure is an important factor for determining protein-DNA interactions, with consequences for DNA metabolism and transcription regulation (Hansen et al., 1998; reviewed in Pandita, 2001b) . There is a dierence in nucleosomal organization of telomeres as compared to bulk DNA and telomeric histone H4 is hypoacetylated (reviewed in Pandita, 2001b) . Telomere length homeostasis in yeast requires the binding of a protein along the telomeric tract and changes in the telomeric protein complex in¯uences the stability of chromosome ends (reviewed in Pandita, 2001b) . Since ATM colocalizes with the phosphorylated form of histone H2AX and inactivation of ATM function in¯uences telomere nuclear matrix interaction, it is possible that ATM function may in¯uence the nucleosomal organization of the telomeric arrays of TTAGGG. Interestingly, A-T cells show relatively higher levels of micrococcal nuclease (MNase) digestion of chromatin as compared to normal cells (Smilenov et al., 1999) . This suggests that nucleosomes in A-T cells are loosely spaced, thus leading to an altered periodicity. In fact, cells from normal control individuals have a telomere ladder, each containing partials up to seven subunits, whereas A-T cells revealed a less extensive MNase periodicity, and telomeric nucleosomal arrays with up to three subunits were detected. These results suggest that telomeric nucleosome arrays in A-T cells are less uniformly spaced or extend over a smaller region than arrays of normal cells. Further, nucleosomes in telomeres of A-T cells disappear after 5 Gy of gamma ray treatment, whereas no such change is seen in normal cells (Smilenov et al., 1999) . The disappearance of nucleosomal bands in A-T cells suggests that ATM in¯uences the response of telomere chromatin to IR.
Since telomeres are attached to the nuclear matrix, and the ATM function in¯uences telomere nuclear matrix interactions and nucleosomal periodicity, such an alteration in telomere chromatin structure may lead to defective telomere clustering.
ATM de®ciency in¯uences telomere clustering
Telomeres are considered to be key structures of meiotic chromosomes (Blackburn 1991; Gilson et al., 1993; Ashley, 1994) . In most organisms a precondition of synapsis is the prealignment of homologous chromosomes. This is a process that establishes the close proximity of homologous chromosomes and their proper orientation during early meiotic prophase (Zickler, 1977; Rasmussen and Holm, 1980; Albini and Jones, 1984; Scherthan et al., 1992) . Although the molecular mechanisms responsible for presynaptic alignment remain elusive, a number of studies suggest a role for telomeres. In Schizosaccharomyces pombe, at the induction of meiosis, telomeres of chromosomes attach to the spindle pole body and lead chromosome movements that persist throughout karyogamy and the entire meiotic prophase (Chikashige et al., 1984; Svoboda et al., 1995) . Homologues occupy joint territories during vegetative growth, while telomere clustering is the ®rst meiosis speci®c event at the onset of azygotic meiosis (Scherthan, 1997) . Rockmill and Roeder (1998) have reported that telomere clustering promotes homologue pairing in Saccharomyces cerevisiae. Telomere clustering, also known as bouquet formation, seems to be a consistent motif of the pairing process of most eukaryotic species (Fussell, 1987; Dernburg et al., 1995) . Telomere clustering might support the sort out process of homologues prior to their actual pairing (Therman and Sarto, 1977) , but its role in the pairing process is unknown (Loidl, 1990) .
The ATM protein plays an intrinsic part in the meiotic chromosome pairing process, and patients with A-T display gonadal atrophy and Atm 7/7 mice also show spermatogenic failure due to an arrest during early prophase of meiosis I. Fluorescent in situ hybridization and synaptonemal complex immunostaining of structurally preserved spermatocytes l revealed that telomere clustering occurs aberrantly in Atm 7/7 mice . Numerous spermatocytes of Atm 7/7 mice displayed locally accumulated telomeres with stretches of synaptonemal complex near the clustered chromosome ends. This contrasted with spermatogenesis of normal mice, where only a few leptotene/zygotene spermatocytes l with clustered telomeres were detected. Pachytene nuclei, which were much more abundant in normal mice, displayed telomeres scattered over the nuclear periphery. These observations suggested that the timing and occurrence of chromosome polarization is altered in Atm 7/7 mice. It is possible that the severe disruption of spermatogenesis during early prophase l in the absence of functional Atm, may be partly due to distorted meiotic telomere clustering .
How ATM de®ciency leads to a dramatic increase of the frequency of spermatocytes I with bouquet topology is not clear at present. One possible interpretation for the accumulation of spermatocytes I with bouquet topology in Atm de®cient cells could be slow progression through initial stages of ®rst meiotic prophase and an ensuing arrest and demise of spermatocytes I. Sertoli cells contribute to faithful spermatogenesis. In the Atm-mutants, sertoli cells were found to frequently display numerous heterochromatin-and telomere clusters ± a nuclear topology which resembles that of immature sertoli cells (Scherthan et al., 2000) . Atm disruption causes an immature nuclear architecture/heterochromatin distribution in sertoli cells, the supportive somatic cell lineage of the seminiferous epithelium; which display strong immunouorescent Atm signals in their chromatin.
Regulation of the hTERT by c-Abl
Recent studies have revealed that c-Abl tyrosine kinase, a downstream eector of ATM (Figure 1) , regulates the activity of hTERT (Kharbanda et al., 2000) . The activation of nuclear c-Abl tyrosine kinase by IR requires a functional ATM (Baskaran et al., 1997; Shafman et al., 1997) . The basal levels of c-Abl tyrosine kinase are similar in normal and ATMde®cient cells. The available evidence indicates that cAbl confers growth arrest and proapoptotic responses to DNA damage by mechanisms that depend partly on p53 and homologue p73 (Yuan et al., 1996 (Yuan et al., , 1997 Agami et al., 1999) . c-Abl associates with hTERT in human cell lines, which is independent of the c-Abl kinase function (Kharbanda et al., 2000) . However, when lysates from 293T cells transfected with HA-hTERT were incubated with glutathione-S-transferase (GST) fusion proteins containing c-Abl (GST-c-Abl) or the Src homology domain of c-Abl (GST-Abl SH3), it was found that hTERT binds to GST-c-Abl and GST-Abl SH3, but not to a GST-Grb2 fusion protein that contained the amino-terminal SH3 domain. These studies have established a direct interaction of hTERT (amino acids 308 ± 316) and c-Abl SH3. Since c-Abl is a tyrosine kinase, it has been shown that IR induces tyrosine phosphorylation of hTERT by a c-Abl-dependent mechanism. The functional signi®cance of the interaction between c-Abl and hTERT was established by examining telomerase activity, which was inhibited in cells expressing wild-type c-Abl compared to cells expressing mutant version of c-Abl(K-R) (Kharbanda et al., 2000) . Further, the role of c-Abl in the regulation of telomerase activity was strengthened by examining the early-passage mouse embryo ®broblasts de®cient in c-Abl. Such cells have relatively high telomerase activity as well as long telomeres (Kharbanda et al., 2000) . These ®ndings seem to be consistent with observations in the yeast, Saccharomyces cerevisiae, wherein the Rap1p protein binds to telomeric DNA and negatively regulates telomere length (Conrad et al., 1990) . The function of Rap1p in telomere regulation is mediated by Rap1-interacting factors, known as Rif1 and Rif2 (Wotton and Shore, 1997) . Telomere repeat-binding proteins implicated in regulation of telomere length have been identi®ed in Schizosaccharomyces pombe (Taz1p) (Cooper et al., 1997) , in human cells (hTRF1) (van Steensel and de Lange, 1997) and in Chinese hamster cells (chTRF1) (Smilenov et al., 1998) . Such genes negatively regulate the telomerase activity as the target site by limiting the access of telomerase for the extension of G-overhang and thus maintaining the length of the telomeres. However, c-Abl regulates telomerase activity by phosphorylation of hTERT and thus negatively regulates telomere length.
14-3-3s protein influences telomere behavior 14-3-3s is another downstream eector of the ATM gene ( Figure 1 ) and its expression is lost in 94% of breast tumors (Ferguson et al., 2000) . At the functional level, the 14-3-3s protein has been implicated in the G 2 checkpoint (Chan et al., 1999) . For instance, its association with dierent kinases in the cytosol and on the nuclear membrane may contribute to kinase activation during intracellular signaling, and the protein appears to sequester the mitotic initiation complex, cdc2-cyclinB1, in the cytoplasm after DNAdamage (Xing et al., 1997) . The latter prevents cdc2-cyclin B1 from entering the nucleus, where the protein complex could normally initiate mitosis. Dellambra et al. (2000) reported that downregulation of 14-3-3s is accompanied by the maintenance of telomerase activity and by a strong downregulation of the p16INK4a, tumor suppressor gene. Interestingly, Dhar et al. (2000) demonstrated that inactivation of 14-3-3s gene in cells with telomerase activity in¯uences genome integrity and cell survival. Cells with both copies of 14-3-3s gene inactivated showed frequent losses of telomeric repeat sequences, enhanced frequencies of chromosome end-to-end associations and terminal nonreciprocal translocations. These phenotypes correlated with a reduction in the amount of Gstrand overhangs at the telomeres and an altered nuclear matrix association of telomeres in these cells. Since the p53-mediated G 1 checkpoint is operative in 14-3-3s (7/7) cells, the chromosomal aberrations observed occurred preferentially in G 2 after irradiation with gamma rays, corroborating the role of the 14-3-3s protein in G 2 /M progression . Dhar et al. (2000) also reported that even in untreated cycling cells, occasional chromosomal breaks or telomere ± telomere fusions trigger a G 2 checkpoint arrest followed by repair of these aberrant chromosome structures before entering M phase. Since 14-3-3s (7/7) cells are defective in maintaining G 2 arrest, they enter M phase without repair of the aberrant chromosome structures and undergo cell death during mitosis. These studies provide evidence for the correlation among a dysfunctional G 2 /M checkpoint control, genomic instability, and loss of telomeres in human cells mediated by a downstream eector of ATM gene.
Conclusions and future prospects
ATM and telomeres in¯uence several common functions. When ATM is missing, several cellular processes are aected, that results in a variety of disease phenotypes. This could be due to the immediate biochemical activation required of ATM protein after DNA damage. Thus, several targets participate in DNA-damage-response pathways and may partly account for some of the checkpoint abnormalities reported in cells de®cient in ATM function.
Some of the common metabolic abnormalities, such as poor growth, have been linked with lack of ATM as well as loss of telomeres. The restoration of telomeres by ectopic expression of hTERT in cells de®cient for ATM function, does not correct the cellular phenotypes of the A-T cells, suggesting that ATM is essential for the signaling of telomere mediated functions. The pathways through which mammalian cells maintain telomere stability are beginning to come into focus. It is now clear that loss of ATM function leads to the telomere instability. The loss of telomeres impinges on a variety of cellular events, including DNA replication, transcription and cell cycle control. Identi®cation of some speci®c telomere functional targets may provide useful markers for disease prognosis and radiotherapy strategies. In the end, characterization of the mechanisms underlying the action of ATM on telomere metabolism will likely add to our understanding of several basic cellular processes and has the potential to result in new strategies for clinical utility.
